The predictive value of pure-tone audiometry (PTA) 
Introduction
The thalassemias are a group of inherited disorders of hemoglobin synthesis. Their clinical presentation varies Widely, ranging from asymptomatic forms to severe and even fatal entities. In these disorders, the production of either alpha or beta chains of hemoglobin is reduced, resulting in a-and~-thalassemia, respectively. For patients with thalassemia, frequent erythrocyte transfusions are performed to keep their hemoglobin levels above 10 g/dl. Except during infection. surgery, and some special stress states, the hemoglobin values of patients with~-thal assemia generally range between 6 and 10 g/dl, However, recurrent blood transfusions can lead to an accumulation of iron in the body, as well as organ toxicities.
'Ihe purpose of iron chelation is to prevent the accumulation ofiron in the body, to decrease existing surplus iron deposits, and to eventually curtail complications arising from increasing body iron stores. For patients with -thalassemia, the initiation ofiron chelation treatment is recommended after completion of 1 year of regular transfusion therapy or after 12 to 15 transfusions, when the serum ferritin levels reach 1,000 ng/ml.' Chelators are classifiedaccording to their iron -binding capacities. Many randomized clinical studies have shown that deferasirox, desferrioxamine {deferoxamine in the United States}, and deferiprone are very effective www.entjournal.com • 481 iron-binding chelators for controlling iron load in the body.':' However, very few authors have investigated the ototoxic effects of chelation therapy in~-thalassemia. In this article, we describe our investigation ofthe ototoxic effects of these widely used iron chelators in patients with~-thalassemia major (BTM) and~-thalassemia intermedia (BTl).
Patients and methods
The predictive value of pure-tone audiometry (PTA) in the early detection of ototoxicity has been questioned, particularly in the higher frequencies. Distortion-product otoacoustic emissions (DPOAE) testing appears to be more sensitive to cochlear insult than is conventional PTA. Therefore, we conducted a cross-sectional descriptive study to compare the efficacy of PTA and DPOAE testing as a method ofaudiologic monitoring in patients with~-thal assemia.
Our study group was made up of 159 patients (318 ears)-69 males (43.4%) and 90 females (56.6%), aged 5 to 61 years (mean: 23.59 ± 12.55). All patients had been diagnosed with either BTM or BTl, and all had received at least 1year oftreatment within the previous year with an iron chelator-either deferasirox, desferrioxamine, deferiprone, or a combination of desferrioxamine and deferiprone. A total of 134 patients (84.3%) had BTM and 25 (l5.7 %) had BTL Our exclusion criteria included an active infection, a current or previous otologic disease, a tympanic membrane perforation, a history ofear surgery, a hearing loss secondary to acoustic trauma or hereditary factors, and an inability to satisfactorily undergo audiologic testing.
Iron chelation protocol. Patients were divided into four groups based on the type of iron chelation therapy they received:
• 82 patients (51.6%) received oral deferasirox at 10 to 40 mg/kg/day;
• 41 patients (25.8%) received subcutaneous or intravenous desferrioxamine at 40 to 60 mg/kg/day for 5 to 7 days a week;
• 20 patients (12.6%) received a daily total of75 to 100 mg/kg of oral deferiprone in three divided doses; and • 16 patients (l0.1%) received a combination of the desferrioxamine and deferiprone regimens.
During the treatment period, hemoglobin, ferritin, aspartate transaminase, alanine transaminase, total bilirubin, and direct bilirubin levels were recorded daily.
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Audiologic testing. PTA, DPOAE testing, and tympanometry were performed by the same audiologist using the same audiometer and tympanometer for all patients. PTA thresholds were measured in the standard increments from 0.25 to 8 kHz . A threshold shift >20 dB at one or more frequencies on PTA was considered to be significant.
.Por DPOAE testing, two simultaneous pure-tone signals (primaries) were presented to the ear attwo different frequencies (fl and f2, where f2 > fl), and the 2fl-f2cubic distortion-product component was recorded. Recordings were obtained with a frequency ratio of f2/fl fixed at 1.22. Nine pairs ofequal-level primary frequencies (11 = L2 = 65 dB SPL) were used at three points per octave, spanning the f2 frequency range from 1,001 to 6,348 Hz. The 65-dB levels of the primary tones were used as the stimulus levels that would most reliably elicit DPOAE from ears with hearing difficulties. The amplitude was determined for each patient. Detection thresholds were calculated 6 dB higher than the noise floor. The accuracy ofthe calibrations had been confirmed earlier by DPOAE testing on 10 healthy individuals. 
Results
In the entire group, the overall mean pure-tone averages were 13.88 ± 11.227 dB in the right ear and 10.30 ± 13.534 dB in the left.
In the right ears, PTA examination at 4, 6, and 8 kHz showed that hearing threshold levels were between 0 and 20 dB in 97 patients (61.0%) ; in the remaining 62 patients (39.0%), sensorineural hearing loss (SNHL) was detected at ::::21 dB. In the left ears, PTA at 4, 6, and 8 kHz revealed that hearing threshold levels were normal in 115 patients (72.3%), with SNHL being present in the remaining 44 patients (27.7%) (figure, table 1).
In the right ears, DPOE testing showed that the signal/ noise ratios at 4,6, and 8 kHz were ze dB in 124 patients (78.0%) and <6 dB in the remaining 35 patients (22.0%) ( ml. The mean level was 1,602 ± 1,378 ng/ml in the patients with SNHL and 2,406 ± 1,909 ng/ ml in the patients with normal hearing. The difference between the two groups was statistically significant (p =0.016).
A statistically significant difference in the incidence of ototoxicity was seen with increasing age (p < 0.00l). There was no significant difference with respect to sex (p =0.825).
Discussioñ
-thalassemia is a congenital microcytic hypochromic anemia caused by defects in~-chain synthesis. Stem cell transplantation is curative, but regular transfusion is the standard therapy." Regular transfusions retard ineffective erythropoiesis and correct anemia, but hemosiderosis secondary to a hypertransfusion regimen is inevitable.
The use of iron chelators is an accepted method of removing excess iron from these patients. ' The most commonly used agent is desferrioxamine. (We used deferasirox more often in our study because ofour hospital's policy.) Iron chelation therapywith desferrioxamine has 1000 Hz 500Hz
:+1------------ Based on these data, we found no significant difference between PTAand DPOAE testing in their ability to detect ototoxicity. In the evaluation of the consistency of PTA and DPOAE testing for the detection of ototoxicity in been shown to improve the life expectancy of patients with BTM. 6 Since desferrioxamine ototoxicity has been shown to be dose-dependent, the recommended therapeutic dosage is 20 to 40 rug/kg/day, studies have not demonstrated any ototoxic side effect at dosages less than 50 mg/kg/day.' In some situations, such as hematologic evaluation, the dosage can be increased to 60 mg/kg/ day, as sometimes occurred in our study.
Deferiprone has an advantage over desferrioxamine in that it is an oral agent, but its use is associated with life-threatening agranulocytosis and the need for regular measurements ofwhite blood cell counts,and therefore it is used less often than desferrioxamine." Still,deferiprone and another oral agent, deferasirox, are associated with ototoxicity in~-thal assemia patients.' When ototoxicity occurs, it is the result ofdamage to the ciliated cells ofthe basal turn ofthe cochlea, which leads to high-frequency SNHL. Studies have shown that the incidence of SNHL in such cases ranges from 14 to 26%. 8 Shamsian et al evaluated desferrioxamine ototoxicity in 67 BTM patients older than 5 years using PTA, and they found SNHL in 7.4% of cases." Ambrosetti et al reported an incidence of 26.3% among 57 BTM patients aged 17 to 32 years," Kontzoglou et al reported an incidence of 20.2% among 104 patients with BTM aged 6 to 35 years.' Karimi et al found SNHL in more than half ofBTM patients undergoing regular chelation therapy with desferrioxamine."
We determined the frequency of SNHL on PTA as 39.0% in the right ear and 27.7% in the left ear. Onerciet al reported audiologic and impedancemetric findings in 34 patients with thalassemia; 27 ofthem had BTM and 7 had BTL11 They found that most ears in the BTM group had a conductive hearing loss ora mixed hearing loss and that no patient in that group had a pure sensorineural deficit. Our study population also included both BTM and BTl patients. Our study differed from others in that we compared the ototoxicity of iron chelation therapy in both BTM and BTl patients, and we did not find any Several authors have studied the ototoxicity of desferrioxamine, and they reported that the hearing loss it is associated with is the sensorineural type and that it mainly affects the high frequencies .l>" Chandra et al analyzed the effectiveness and safety of deferasirox in 40 patients with BTM who received deferiprone or desferrioxamine-deferiprone therapy prior to deferasirox therapy, and they found that deferasirox was safe in pediatric age groups."
As far as we know, our study of 159 patients with BTM and BTl is the largest of its kind. We believe that it is also the most comprehensive investigation in that we analyzed four different drug therapies that included three different drugs. We have not encountered any other study that compared other chelation therapies.
In our study, the frequency ofSNHL in patients under desferrioxamine therapy was 26.8%, which is consistent with other findings in the literature. The rates of SNHL in the patients treated with deferasirox, deferiprone, and combination therapy were 39.0, 55.0, and 50.0%, respectively. We assume the differences in these figures stem from the heterogeneous distribution ofthe patients among groups. To clarify this issue, new studies with standardized patient populations are needed.
Measurements of otoacoustic emiss ions as a method ofobjective cochlear investigation are especially helpful in children.'? Distortion-product emissions have been by far the most intensely investigated type ofotoacoustic emissions. DPOAE values can be reliably measured in nearly all human ears with normal cochlear and middle ear function. Their high degree of test -retest reliability and their accuracy and objectivity in assessing cochlear function (outer hair cell function in particular) makes them useful for monitoring dynamic changes in cochlear responsiveness before they become functionally significant as a hearing IOSS.1 8.19 In our study, we noted a significant decrease in amplitude, mainly in the higher frequencies (>4 kHz) , which was consistent with the high-frequency hearing loss usually associated with desferrioxamine ototoxicity. 20 As an ototoxicity screening tool, DPOAE has been shown to be superior to PTA, as DPOE amplitudes fall significantly before behavioral threshold changes are noted at corresponding frequencies on PTA.21· In our study, we estimated that the consistency of PTA and DPOAE testing for the detection ofototoxicity in BTM and BTl were of a moderate degree-K =0.515 and K= 0.462, respectively.
For the determination of hearing loss secondary to ototoxic drug use, PTA and DPOAE testing exhibit a good degree of consistency, and either can be used for the early detection of SNHL. Arnold et al found that these two methods correlated with each other," In our literature search on hearing loss in iron chelation therapy, we could not find any study that evaluated the high frequencies. PTA has been investigated at frequencies up to 8 kHZ. 7.10.21 However, some recent studies of ototoxicity have shown that high-frequency PTA was highlysignificant in detecting threshold changes caused by ototoxicity. Beahan et al found that high-frequency PTA was reliable in detecting ototoxicity in patients aged 7 years and 01der. 22 We did not have a high-frequency audiometer at our institution.
SNHL is not directly related to serum ferritin levels or desferrioxamine dosage; other factors, including genetic and constitutional characteristics, may be related? Porter et al studied 47 BTM patients and found that high-dose desferrioxamine therapy associated with low serum ferritin levels «2,000 ng/ml) is a major risk factor for desferrioxamine ototoxicity. 12Ambrosetti et al noted that there is no relationship between age, serum ferritin level, and therapeutic indices with hearing loss,"
Conclusion
Our study confirms that iron chelation therapy can induce ototoxicity, and therefore periodic assessment of patients with p-thalassemia is necessary. PTA and DPOAE testing are recommended for regular monitoring of cochlear function with the goal of preventing permanent damage.
